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[. INTRODUCTION

This article will deal primarily with the current methods available to generate organic
chemicals via fermentation from crop biomass, siarch materials, agri-residues, and
agro-industrial wastes. A comprehensive analysis of the characteristics and availability
of agri-residues and indusirial wastes is available and wiil be identified by other authors
contributing to this subject. Relative composition of biomass, residues, and waste ma-
terials will be identificd only when necessary to define substrivtes lor production of
speci{ic chemicals through lermentation. Exiensive studies on the utilization of animal
products and animal waste management by Loehr' cover research conducted in the
past 15 years. Overviews by Sloncker ¢t al.?? on c¢rop residucs and animal wastes de-
fines the availability of these resources in the U.S. A more recent review by Detroy
and Hesseltine* deals mainly with both chemical and microbiological conversion of
crops and agri-residues to useful by-products, i.e., animai feed supplements, biopoly-
mers, single-cell protein, methane, and chemical feedstocks.

HLIDENTIFICATION AND POTENTIAL OF BIOMASS AND AGRI-
RESIDUES

Increasing attention has been noted 1o the possibilities of utilizing photosyathetically
active plants as natural solar energy-capturing devices, with the subsequent conversion
of available plant energy into useful fuels or chemical feedstocks, such as alcohotl and
biogas, via fermentation. Acquisition of biological raw matcrials for energy capture
follows three main approaches: (1) purposefui cultivation of so-cailed cnergy crops,
{2) harvesting of natural vegetation, and (3) collection of agricultural wastes, Lewis®
has recently described the energy relationships of fuel from biomass in terms of net
energy production processes (Table ). Table | presents darta in terms of cnergy require-
ments, net energy gains and losses, and land area equivalents for a number of relevant
conversion systems. Starch crops like cassava and other saccharide plants, notably
sugar cane, appear {0 be the most favorable in terms of energy balance. More techno-
logical innovations would be required Lo derive a lavorable energy balance for he
conversion of the lignocellulosic raw materials owing (o the energy intensive pretreat-
ment requirements to render the substrate fermentable.

Biomass, or chemical cnergy, can serve as an energy mechanisin 10 be harvested
when needed and transported to points of usage, Land avaiizbility must be carefully
evaluated in view of the potential of this energy alternative,

Since encrgy deficits are enormous, significant sources of biomass must be acquired.
Some 95% of the ficld crops are planted for food grains. Since the majority of the
plant residues (statks and straw} are unused after harvest, these residues are potentially
available for ¢ollection and conversion to useful energy.

The potential annual supply of U.3. cellulosic residues from domestic crops is cer-
tainly in excess of 500 million tons (dry weight). In general, cereals produce some 2 b
of straw per pound of grain harvested. Significant accumulations of major crop resi-
dues are, of course, confined to those areas of intensive cropping. The general distri-
bution of potentiaily collectible cereal straws in the U.S. is depicted in Figure |. All
crops produce collectible residues; however, the distribution of straw residues increases
the costs of utilization. These collectible residues lrom major and minor crops are
depicted in Tables 2 and 3. The residues produced by the majorily of these ¢rops are
ieft in the lelds after harvest. Only with sugar cane, vegetables, fruil, and peanuts are
there significant accumulations at specific processing sites,

Since the quantity of straw produced is equal 10 or greater than the quantity of



{<10? tong)

FIGURE 1, Geographical distribuauon of cereal straws (ix, wheat, 1ye, nce. vats, and bar-
ley).

Table |
ENERGY REQUIREMENTS, NET ENERGY GAINS AND
LOSSES, AND LAND AREA EQUIVALENTSFOR A
NUMBER OF CONVERSION AND PRODUCTION SYSTEMS

Net energy
GER product

Principal substrate Product (G (G (I Ml ye)
co, nergy crops 1.26 - 16 DRI
Raw sewage Algae* 57 -14 -RS0
Raw sewupe Algac L : 8 v hs
Algue Methane*® 168 -i12 - h2T
Livestock wasie (tUK) Methane HER) ~K& ~1). 88
Sugaur cane Ethanol 4 3 + 51
Cirssnviy I thanai nl M -1
Timber Erhanok 2319 -212 =Ty
Timber Ethanol* 493 ~71 -16”
Straw Ethanol a2 ~19% -F3R

»  The figures relate (o current methads adopted.

The figures are estimates of what should be possible at present.

Cetiulose hydrolyzed 10 fermentable sugars by fungal ensymes,

Fignres eapreased on basis of fand arca reguirement o annually replemsh the

guantity of wood substraic used,

¢ Celluiose hydrolvzed o fermentable sugars by acids. Also requires 470% man-
POWET IRCTEASE OVEF SNy e Froute.

edible grain from cereal crops, its utilization is of paramount importance. Presenr
constraints on the utilization of cereal by-products include: new technology develop-
ment, residue collection, marketability, practical utitity of residues. and research on
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Table 2
MAJOR CROPS—CURRENT ESTIMATES

Residue (dry wo)

Tatal = {0*
Acres harvested

Commodily {(x 10%) Tons/acre Minimum Maximum
Corn a5 23 130 19%
Hay 64 h— 192 448
Sovbeans 60 J o2 60 120
Wheat &0 [ &0 120
Sorghum 16 23 32 48
Oars 14 {2 14 ki)
Cotion 12 Jom2 12 13
Barley 3 |~ 1§ L
Toral o2 — iy 557

Total vields do not include hay crop.

Table 3
MINOR CROPS-~CURRENT ESTIMATES

Residue (dry wt)

Total x {(*
Axres harvesied
Commodity x 0 Tons/acre Minimum Maximnum
Vegetables 1.5 1—2 3.5 1.0
Fryit 3.3 1 33 3.3
Rice 12 —_2 22 4.4
Flax 1.8 H 1.8 1.8
Peanuts 1.5 | —2 1.5 3.0
Sugar beets 2.0 [ 2.0 4.0
Sugat cane 1.5 G (O 9.0 15.0
Rye 1.0  —.4 1.0 2.0
Toral 16.8 —_ 24.1 0.5

model bioconversions, Collection costs of important residue resources govern the eco-
nomic feasibility of bioconversion processes for fermentation chemicals,

Mechanical equipment exists for harvesting corn refuse, silage, or hay, and can be
readily be used for the collection and hauling of plant residues to central locations for
processing. Sloneker® discusses types of harvesting operations that can be empioved
to stack, bail, windrow, chop, and transport various crop residues. Tinme and expensive
equipment are serious deterrents to collection of crop refuse in on-the-farm operations.
Any major increase in the use of cereal straws and other residues will require major
efforts to collect, handle, transport, and deliver at a central focation or plant so that
they will be competitive with other raw materiais for chemical production. Benefus
from mass collection of straw residue must be balanced against the consequences of
its removal from fertile crop land. Residues plowed under or left on the surface (con-
servation tillage) increase the tilth of the soil, aid in H,0 sorption. and reducc soil
erosion; therefore, the impact that continuous residue removal will have on soil fertility
must be thoroughly examined. Refractory material that remains after bioconversion
of agro-residues may, if returned to the land, provide sufficient organic matter in the
soil for tilth.
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Table 4
GRAIN PROCESSING WASTE CHARACTERISTICS®
Corn wet milling Corn dry milling
Parmmeter {average) {avernge}

Flow* IR.3 e

Bigiogicad Oxyeen Deomand (RO} 7.4 1R
Chemical Oaypen Demand 1000 id.8 .69
Suspended solids 1.4 1.62

= Cornowet milling, 1o preduce corn syeup or starch. Coen dey midling -
{0 produce meal and flour, water usape limited 1o washing, temperiog,
and cooling.

v Flow = i{.kkg srain processed. HOD and suspended solidy = kpokkg
gring provessed,

From QOevelopment Document for Effluem Limitanions Guidelings and New
Source Performance Standards Tor the Grain Processing Sepment of the
Grain Millsy Pout Source Category, FPPA 34001740280, Taviomoenial
Protection Agency, Washangron, [2.C, 1974,

The wet-milling process of cereal grains produces considerable quantities of grain
carbohydrate waste. The waste-liquid streams that arise as a result of steeping, corn
washing, grinding, and f{ractionation of corn yield cornstarch, corn syrup, gluten, and
corn steep liquor. Increased siudies are necessary on the bioconversion of these nega-
tive value carbohydrate wastes into aleohol, C; and C, chemicals, and methane, as
well as on economical pretreatment of the industrial waste being produced. A summary
of waste characteristics from grain processing is depicted in Table 4. No process waste-
waiders are produced by the mifling of wheat and rice grains. [lowever, the bran [rom
these two cercals coniains 5 to 0% oil and is rich in certzin B vitamins and amino
acids.

A major potential resource of the immense animal indusiry in the U.S, is the anpual
generation of over 2 billion tons of waste. Recent changes in the fertilizer and antmal-
feeding industries have resulted in the accumulation of animal wastes into localized
areas. This locadization has produced wir and water potlutian problems, Technologicul
changes in large-volume cattle feeding have created a serious need for new waste tech-
nology, either through cost reductions in handling to eliminate poilution hazards or
some type of bioconversion process to useful fuels or chemical feedstocks.

The utilization of animal wastes, other than land usage, as a waste management
alternative has proceeded in two main areas: biological and thermochemical. Major
experimentation has involved methane formation, single-cell protein production, and
microbial fermeniation and refeeding. Animal wastes are excellent nutrient sources for
microbial development. Major constituents are organic nitrogen (14 to 30% protein),
carbohydrate (30 1o 50%, essentially all cellulose and hemicellulose), lignin (5 to 12%),
and inorganic salts (10 10 25%),

In most biological processes, microorganisms consume nuiricnts present in the
wastes 10 increase their own biomass and, through subsirate utilization, release various
gases and other simpie carbohydrate materials, There are mainly two classes of biolog-
ical processes: biogas (or an anaerobic fermentation) and biochemical hydrolysis. The
biochemical processes produce primarily protein, sugar, and alcohol, whereas the an-
aerobic fermentation 1akes place under an oxygen-deficient environment 1o produce
methane.

All of these processes have been successfully demonstrated for livestock manure.®
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Animal Waste

]
i i
Thermochemical Biological

HRydrocarbonization

Pyralysis Fermentation

Ehar’/!;t\ /J;\

Gas CHq Protein Sugar Refeeding
|

i
Hydrogasification Hydrogenation

Y vy

Gas Solid il

FIGURE 2. Provess alternatsves for the gencration of fuels from antima waste.

Table 5
MANURE PRODUCTION IN
THE UNITED STATES-
Dry measure Percent of
Animail* x 10% total
Cartle 210 HE
Swine 25 9.7
Horses 14 5.4
Poultry 6.2 24
Sheep AN P2
Al 2583 0.3
* Wet weight = F.5 < i0*1 a8 161
dry maner,

The various biological and chemical processes alternatives lor the generation of re-
newal fuels and chemicals from animal manure is depicted in Figure 2. Total produc-
tion of manure in the U.8. according to classes of animals and relative concentrations
to the total, is shown in Table 5.7-°

The utilization of sugar cane bagasse must be considered on a country-by-country
basis. Bagasse is the fibrous residue obtained alter the extraction by crushing of sugar
cane stalks. This rolier-mill process removes 95% of the sucrose, producing a residue
that contains some 50% moisture and consists of 15% lignin and 757 ceilulose. An-
nual world production of bagasse is greater than 100 million tons. Bagasse has been
used mainly as a fuel in sugar cane factories, for production of pulp and papet, and
for structural materials. Extensive research has been conducted in the past few vears
on bagasse as a cellulosic raw material for single-cell protein production.'® ' Ceilulosic
wastes, such as bagasse, have also received considerable attention as resource material
for chemical processes and energy conversions (inacrobic fermentation to methane or
ethanol}.

The largest wastes from dairy food plants arc whey [rom cheese producrion and



Table f
RAW WASTE LOADS*FOR THE FRUIT AND
VEGETABLE PROCESSING INDUSTRY

Flow BOD Total suspended
Category (galston) (!b/ton} {Ib/ton solids)
Fruu
Apple processing 69 4.1 0.6
Apple products, 1,290 12.8 1.6
except juice
Cilrus, 2,420 6.4 26
all products
(ives 3160 87 15
Pickles, 1.050 19 4
fresh packed
Upmatoes 2150 8 12
Peeted 1,530 1 5
products
Vegetables
ASDRIARUS 16,530 4.1 6.9
Beets 1,210 39.4 19
Curroa AT w0 b
Lorn
Canned 1,070 28.8 134
Frozen 3,190 0.4 1.2
* I ama beans 6510 7R ot
Peas
Canned 4,720 4.2 10.3
Frozen 1,480 16.6 9.8
White potatoes 1, Y*H} 54.6 74.%

The ruw waste load is in 1erms of the guantity of wasiewarer
parameter per ton of raw material processed for frans snd
verctaltles. Raw waste luads are those generated [rom cannming
PrOCessing.

pasteurizaiion water. A pound of cheese produces 5 to 10 [b of lMuid whey with a
biological oxygen demund (BOD) of 32 ro 60 g/4, depending upon the process. Whey
is an excellent nutrient source for microbe development, containing 5% lactose, 1%
protein, 0.3% fat, and 0.6% ash.

Processing plant wastes for different {ruits and vegetables vary in ¢haracter and
quantity. The effluents vonsist primarily of carbohydrates, starches and sugars, pec-
tins, vitamins, and plant cell-wall residues. One must consider how the various proc-
essing operations affect availability and type of residues. Table 6 depicts some typical
fruit and vegetable residues and characteristics based upon the quantity of material
processed or quantity of material produced. Supply problems, due to various geo-
graphicai locations amd seasons, hinder rge-scade utilizintion of these residues for fer-
mentation purposes. Waste-waters and peels from potato processing also serve as an
excellent starch source, but seasonal production hinders utilization of residuvs. The
most promising end uses for potatoes involve recovery of stirch for cattle feeding and
for production of sugar, single-cell protein, and biogas.

The enormous amounis of spoiled, damaged, and culled fruits and vegetabies are
excellent sources of carbohyvdrate maierial, These materials typically are good sub-
strates for the growth of many fungi, especially on acid fruits. However, a real problem
exists in thai these materials are seasonal, so that a microbial process cannot be run
the vear around because large amounts are available only at certain times.
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FIGURE Y. The structure of Hpnn,

[, COMPOSITION OF AGRI-COMMODITIES

The major components in agricultural residues are the structural cell-wall polysac-
charides, primarily celiulose and hemicellulose. The latier two are the most plentiful
renewable resourve produced by most green plams. These carbohydrates constituic 45
to 70% of the weight of a dried plant, varyving according to age and maturity of plant
at harvesi, Pure cellulose, such as cotton fiber, is rarcly found in nature, but rather in
combination with other polymers such as lignin, pectin, and hemicelbnlose. Lignin
comprises from 3 10 15% of the dried plant residue. This material is the structural
giue that binds filaments of cellulose into fibers for cell integrity and rigidity. Lignin
is found in al} fibrous plants, and generally increases with age of the plant. Cellulose
increases in aging fibrous plants with a decrease in soluble sugars and an increase in
lignin. Lignin is a three-dimensional poiymer formed by the condensation of cinnamyl
alcohol monomers depicted in Figure 3. All possible combinations of the cinnamyl
radicals can occur, resufting in various types of bonding. The exact linkage and struc-
ture of the lignin-cellulose compiex is of considerable debate. There is considerable
intermolecular bonding between the uronic acids of hemiceiluiose and lignin phenolic
uroups. Lignin apparently forms a three-dimensional net around the cellulose fibers.
It is in this fashion that the complex ceilulose is rendered unavailable 1o subsequent
enzyme degradation. It is also in this compiex area of lignin-cellulose interaction where
the ultimate utility of agro-residucs has its future. Chemical and/or biolegical modifi-
cation of this lignocellulosic complex would result in increased digestibility of the agro-
residue, increased hvdrolysis rates, and saccharification. Continued research in the
arca of utilizing lignocellulosics is of paramount importance to the future of these
negative value carbohydrate wastes, Table 7 depicts the refative compaosition of some
important U.S. agro-residues.



Plans residue

Cuosnsialks

Flax siraw
henaf stalks
Sovbean siraw
Sunftower stalky
Sweet clover hay
Wheut siraw
Caitle waste
Swinte wasie

Table 7

RESIDUES

COMPOSITHON OF AGRICULTURAL
Casboliydrate (Yh)

Arabinose  Xylose Mannose  Galactose  Glucose  Total  Celiulose
i9 15.% 0.6 1.1 377 56.8 253
24 1.6 1.3 2.2 347 50.9 345
1.5 12.8 1.6 138 41 4 58.6 489
0.7 13.3 1.7 1.2 437 6.6 414
b4 iy 1.35 n.05 39.4 438 351
32 1.2 1.2 1.7 it 4+ 24.8
6.2 210 1.3 0.6 411 69.2 L0
0.38 0.77 .73 .97 214 2712 16.4
0.43 8.83 (.98 1.27 25.5 ke ] (1.8

Lignin
(%)

Protein
%)

5.5
1.2
4.6

5.%
24
247

3.6
LR

15,1

Lz
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V. TECHNOLOGIES FOR UTILIZATION OF RESIDUES

Residue utilization must be considered with optimism due to the large quantitics of
wastes and by-products available, the need to better utilize existing resources, and the
successful processes that have been attained. Successtul residue utilization must include
the following changes in approach:

Residues as resources, not wasies
Incentives {0 change philosophy
Evaluation of socioeconomic aspects
Use of appropriate technology
Beneficial use

Proper market

Better usage of raw materials

TR

~ h
P

Promising technologies are needed for the utilization of agricultural and agro-indus-
trial residues. Some of the most promising and successiul 1echnological processes for
the utilization of agro-wasies are described in Table 8,

V. CHEMICALS FROM CARBOHYDRATE RAW MATERIALS

Recent progressive increases in the cost of crude oil have resulted in considerabie
attention being focused upon fermentation technology. The major production of in-
dustrial alcohol and of C, and C, chemicals is derived from fossil fuels. Alternative
process routes for the production of organic chemicals involve fermentation priuparily
through bioconversion of carbohydrate raw materials to chemicals. Tong'? has recently
described fermentation routes for the production of C, and C, chemicals from specilic
available raw materials.

The major organic chemicals that are produced from carbohydrate raw materials by
microbial fermentation are identified in Table 9. The main carbohydrate sources for
fermentation as follows:

e

Starch grains from corn, wheat, barley, and other cereals

2. Sucrose from beet, cane, and sorghum

3. By-product materials from processing, i.¢., [ruit and vegetable wastes, starch
streams from milling grains, cattle feedlot waste, dairy whey, moiasses, and dis-
tiller grain

The various chemicals produced via fermentation will be discussed individually in
terms of yield, substrate resource, and future opportunities as alternative resource and
fecdstock chemicals.

VI. CONVERSION OF BIOMASS TO SUGAR

As mentioned previously, the bioconversion of plant biomass 1o fermentation chem-
icals depends upon the basic structural composition and integrity of lignocellulose.
Most lignocellulosic plant materials require some preliminary biological and/or chem-
ical pretreatment before a direct fermentation to ethanol or other chemica), can be
investigated. In general, before a microbial fermentation can be contempiated, the
plant polymers, whether lignoceliulosics, hemicellulose, or starch, must be hydrolyzed
to simple sugars for utilization.



Table 8

TECHNOLOGIES AVAILABLE FOR UTILIZATION OF AGRO-INDUSTRIAL AND

Residue subsirate

Asndimal wasie

Aniaial waste

Sugar cane buagisse

Dairy whey
Cereal process wasie
Cetiylosic pulps

Hemicelualosics
fuvians)

Starch waste

Wood pulp sulfite
tiquar

* hems tisted on basis of ecomunics, asailability, pollatam, and source.

Process

Micrabiai

Miceobial

Microbial

Microbisl

Microbisl

Enzymutic (sac-

charification)
Enzymaiic

Microbial
Micrabial

Product

CH,, feed supplemem

Cuttie releeding,
single-cell protein
Single-cell protein

Single-ceti praiein, al-
cohol

Single-celt projein

Sugar

Xviose

Alcohol
Seagle-ceth proicin

AGRICULTURAL WASTES

Operational*

Advantages

Cheap resource,
produces eneigy,
aviilable, reduce
pullunion

Surplus asailability,
icchnolugy aviil-
abie

Reduce pollation,
surplus availabilisy

Reduce BOD and
LoD

Clicap rexource
Surjdus availability

Disadvantages

High initial invesi-

menl

Hiigh sal comene,
transporiation

Eypeasive

67
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Table 3

CHEMICALS FROM FERMENTATION PROCESSES

Chemicals

Ethano!

nBuianot

2,3-Butyiene glycol

Glveerod

Acetic acid

Acetone

Isopropanol

Famaric acud

Succinic acid

Chirig agid

Lactic acid

Propjonig acid

Malic acid

Methnnol

Structure

CH,CH, OH

CH, CH, CH, CH, OH

OH OH
i i

CH,CH—~CH~CH,

CH,OH
|
HC —OH
|
CH,OH

i, coat

0
[
1, CmC=Cl,
OH
i
CH, ClICT,
cooH
|
CH
i
CH
' .
COOH
CH, COOH
H
CH, COOH
COOH
H
ci,
|
HO—C—COOM
!
CH,
I
COOH
cH,
i
HC~-OH
|
COOH
CH,CH,COOH
COOH
1
1l0—CH
|
i,
i
COOH

1, ot

Produced by
Spevies of Saceharomvees

Closeridinm aeetoburvlicumn

Specics of Acrpbacterand
baciili

Species of Saccharmmnvees
Closeridn thermaoaceticnm
Acerebagrerspecies

Clostridiva aeetreylicnm

Species of Closiridium and
baealli

Spectes of Ricopusand mu-
cor

Species of mucor, Rhizopus,
Fusarium

Asprerwitiny miger, Ciedicds B
pofyvtica

Species of Rhizopusand mu-
cor, lactohagilli

Species of proprioaibacter-
fum ’

A. miger, A, Haconicus, Pro.
tets vihtris

Spevies of Afetinclomonas,
Pscudomanas, Methvlocoe-
cus
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Lignin und cellufose crystallinity are the twoe major deterrents to the effective utili-
zation of lignocellulosic residues for chemical, enzvmatic, and microbiological conver-
sion processes to available sugars. The lignin polynier severely rosisicss enzymaiic and
mjerobial aceess 1o cellulose., Mitlet and ¢o-workers'! have published most comprehen-
sive reviews on specific physical-chemical pretreatments {for enbancing cellulose sac-
charification. These pretreatment steps are applicable to a wide variety of Hgnocellu-
losic materiais that can be delignificd 1o varying extents depending upon the type of
pretreatment methods. Ladisch and co-workers'* have recently described an organic
solvent pretreatment process of celiulosic residues, followed by a cellulase hvdrolvsis
step, to yield quantitative saccharification of the a-cellulose to simple sugars. The proc-
ess yields Y0 to 97% conversion of the celiulose of agri-residues to glucose. Successful
application of this type of saccharification technology opens up new horizons to the
utilization of biomass as a source of fucls, chemicals, and food.

The vther type of pretreatment step of lignocellulosics centers around biological
delignification. Kirk'* has published a most comprehensive review on microorganising
that effect biological lignin degradation. More recent work on the physiological role
white-rot Tungi play in degradation of lignins draws sttension o the synthesis ol YC-
iabeled lignins and lignocelluloses as specific substrates for microorganisms. Crawford
et al.”'" and Kirk et al.'® discuss recent work on the degradation of labeled lignins
and lignocelluloses by Tungt and actinomyeetes (0 CO,L These technigues will become
invaluable to the study ol biodelignification and the roie microbes may play in modi-
fying lignocellulosics for subsequent saccharification.

VIL FERMENTATION CHEMICALS: ANAEROBIC AND AEROBIC

The anaerobic products of microbial metabaolism consist of virious organic solvents,
L., avetone, cthanol, a-butanol, and isopropanol. Fermentations do not require aer-.
ation, and product recovery is accomplished through convendional distillation recovery
methods. Fermentation processes to produce these chemicals are not dependent upon
pure carbohiydrate resourees, but can utilize any type of pentose andyor hexose stream
generated from biomass feedstocks.

Fumaric acid, glycerol, and 2.3 butviene glycol represent the main chemicals of acro-
bic fermentation. Tong,'! in g recent review, discusses the production of various ¢,
and C. chemicals and the current energy costs of production via fermentation. The
aergbic processes are energy-intensive and require cooling, aeration, and agitation
since these processes are highly exothermic due 1o carbohvdrate oxidation, A compar-
ison of attained vs. theoretical weight yields on dextrose for the fermentadon products
mentioned is depicted in Table 10. The major process used exclusively before 1950 was
the acetone, n-butanol, and cthanol fermentation. Some improvement has been shown
in this process. However, Fermentanon-derived solvents are presently only a minor
factor in North America, although significant quantities are being produced in coun-
tries such as South Africa, where inexpensive [ermentation resources are available,

in 1976, the tow! U.S. production of nine C, and €, chemicals, including ethanol,
was near 4 million wons. Only 2% of these chemicals is presently derived via fermen-
tation. Only butanol, acetone, fumaric acid, and ethanol are currently produced from
both petroteum and carbohydrace feedsiocks, The estimared percentage of organic
chemicals produced by fermentation is depicted in Table 1],

Tong'! indicates that in 1974 the percentage of fermentation-derived industrial al-
cohol was approximately 10%; however, this had increased to 319 by 1976, This in-
creased industrial grain alcohol production comes largely from integrated grain milling
plants where potable and industrial ethanol is produced among other corn products.
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Table 10
COMPARISON OF ATTAINED VS. THEORETICAL
WEIGHT YIELDS ON DEXTROSE

7y Weight
conversion
yield Theoretical
attained by yield % Conversion

Fermemation products fermentation  {stoichiometry) cfficiency, Fe

Anacrobiv prucesses

Ethano! 46 541 90

aButanol, H,, ace- 2915 49,8 5B 70
tone, ethanol

2.3 Butylenc giveol 45 50 %)

Acrobic processes
Glveerol 43 76.6 56
Fumaric acid 64 & HEH

Modified fram Tong, G. £., Chem. Eng. Prog.. 74, 70, [978. With permas.

sion.,
Tabile 11
CURRENT STATUS OF C, AND C, CHEMICALS
PRODUCTION
U.S. 1976 production % Produced by
{mallion kg} fermemiation

Butadiene 1475 - ) o
Acetone 871 b
Isopropinol THI {)
n-Butanok 247 10
Methyl ethyl ketone 237 9
Giyceerol 157 0
Mulcic anhydride 1 i
Fumaric acid 24 15
2,3 Burylene giycol — —
Ethano! total 750 10

Assuming a 34% average weight conversion of carbohydrate to chemicals,’? the 4 mil-
lion tons of C, and C, chemicals can be produced from 2 million tons of starch or
other fermentable sugar. The availability of agri-raw materials is not a major problem
limiting progress toward fermentation-derived chemicals. This {eedstock requirement
may be met by expanding the annual cereal grain and sugar crop production by less
than 0%, augmentcd by fermentable sugars in molasses and dairy whey, 0.8 and 0.3
million tons/year, respectively.

A. Ethunol

In view of continuously rising petroleum costs and dependence upon fossil fuel re-
sources in North America, considerable attention has been focused upon alternative
energy resources. Primary consideration invoives the producrion of ethyl alcohol from
renewable resources and determination of the economic and technical feasibility of
using alcohol as an automotive fuel blended with gasoline. Special emphasis has been
directed toward fermentation of surplus grains, agricudtural residues, and forest waste
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materials as resources [or production of alcohol and other chemicals. Sinee the major
production of industrial alvohol s derived synthetically from ethylene, a major wech-
nologival breakthrough is required (o make the lermentation provess competitive with
that from ethyiene.

The ability 1o produce ethanol {rom giucose is widely distributed among difTerent
microvrganisms; however, the yields vary considerably from almost 2 mol of ethanol
per mol glucose fermented, characteristic of yeast, to much smaller amounis produced
by aumerous bacteria.’” These variations are attributable to the operation of four dif-
ferent meiabolic routes of cthanol formation, three of which involve pyruvic acid as
an obligatory intermediate. Pyruvic acid may be produced (rom glucose by different
metabolic sequences, such as, Embden-Meyerhof giycolysis or Entner-Doudoroff
cleavage with subsequent conversion o a C; unil via decarboxylation 10 acetaldehyde,
or may be a thioclastic reaction 10 acetyl coenzyme A. Reduction of gither C,; unit
vields ethanol.

1. Type [, Glycolysis

t1) glucose + INAD + 2ZADE + 1P e 2pyruvic avid + INADIL £ JATP

PP NADH,

2 PHVRIC ey et hle iy de ———— e oth
(2) pyruvate i ave .zl;h.udu TR ethanol
devcarbonviase 0, dehydrogemase

The Type | pathway of microbial merabolism of glucose via pyruvate and acetalde-
hyde leads to essentially quantitasive conversion of glucose 1o athanol and carbon diox-
ide. The yeasts are best known for utilizing this pathway, although bacteria are known
thal possess a yeast-like pathway and ferment glucose aimost quantitatively to ethanol.

2. Type 1. Thiovlastic Reaction

devarbusy lase

P Heoon
T} pyruvaly ———— geety] CoA + [t
Mp.” Coa H, & €O,
NADIE, NADH,

{2} acety] CoA ————eered geetaldehyde ———eweis cthgnod
-

CuAsSH

The Clostridia and Enrerobacteriaceae cleave pyruvate 10 accryl Con with subse-
quent reduction to acctaldehiyde and cthanol. For guantitative conversion of glucose
to ethanol, H, production must be suppressed to provide the reducing power essential
for ethanol production.

3. Type 111, Entner-Doudoroff Pathway

ATP | NAD
{1} plucose ———p G—0=ul’ ——m——y pluconute—6—P

Je

+ deoxyeluconaie —f—P
glycesaldehyde— 3 —P

py;uvuch

{2} pyruviie ———mm=p ethanol

PYLUVEIY dm——ee—e—ee . J e N J n
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Zymomonas species give similar fermentation balance 1o veast, but cthanol derives
from C-2, C-3, C-5, and C-6 of glucose with osly one half the energy vield.

4. Type IV. Heterolactic Fermentation

Blucyst —————y cthanol + lactic acid + O,

Heterolactic microorganisms are capable of glucose fermentation 1o lactate and
ethanol via xylulose 5—PQ., which is subsequently cleaved to vield acetyi PO, and
glyceraldehyde 3~PO,. The laiter is converied to pyruvate with subsequent reduction
to lactic acid. The acetyl PO, is reduced to ethanol, utilizing the reducing power gen-
erated from the glucose to xylulose 5—PQ, conversion.

Conversion of glucose to ethanol by yeast fermentation is well understood in terms
of technology and product yield. In defining new possibilities of increasing productiv-
ity and reducing distitlation costs, very few areas exist in the conventional methods of
moiasses and starch grains to aleohol. Opportunities exist in strain selection of floc-
culent yeasts that are tolerant to high sugar concentrations and ferment quickly 1o
around [2% v/v ethanol. The current world production of distilled lermentation al-
cohol from various substrates is approximatetv 2.5 miilion tons/year. It is only in
highly industrialized countries that synthetic alcoho! from cthylene exists competi-
tively. Trevelyan® reported the reverse situation in Indin where fermentation alcohol
is used to produce ethylene. The utility of aicohol as a fuel source begins to reflect
various economic factors differently as biomass crops for energy production arc taken
under consideration.

Ethanol production from plant biomass is being studied extensively by various re-
search laboratories throughout the world. Beflamy'* and Brooks et al.,* at General
Electric Company, have pursued the production of both single-cell protein (SCP)Y and
aleohol from agricultural wastes by wiilizing various biological conversion provesses.
The process* involves a steam pretreaiment (o partially delignify wood and enhance
cellulose accessibility to microbial utilization. Clostridium thermocellum is utilized 10
ferment the cellulose directy o ethanol and acetic acid, Research has also been con-
ducted upon thermophilic bacteria that produce ethanol from xvigse. Mixed culture
fermentation of cellulose to ethanol with thermophilic microorganisms has been eval-
uated by the General Eleetric group,

Wang and co-workers* -+ (M.[.T.) continue to investigate the cellulolvtic activity of
mutants of C. thermocellum capabie of alcohol tolerance to 5% v.'v. These organisms
generate after 75 hr growth upon ceilulose (10 g/ some 3 g/ {4 reduging sugars and 2
g/f ethanol. C. thermocellum grown on corn cob granules consumes from 8 10 66%
of the substrate and produces reducing sugars from 1.38 10 2.95 mg/m¢#.

Research for the past 30 vears has mainly concerned the haichwise production of
aleohol. However, in recent years considerable work has evolved around continuous
fermentation methods. Rosen®® has recently described various continuous fermenta-
tions with starchy material or molasses as substrates. The residence times for continu-
aus molasses fermentations are between 7.5 and 13 hro By using continuous mcthods,
the conversion is increased and the cubic capacity of fermentor vessels is reduced, but
aiso the instrumentation is simplified.

The large increases in crude ol prices in 1973 have stimuidated various research proj-
eets for the discovery of new encrgy sourees. The nation of Brazil has developed aleo-
hol processes that utilize numerous raw materials that are plentiful in various regions
of the country, i.c., cassava roots, palm (rees, and sugar cane. The babassu coconut
(23% starch), produced at a rate of 210 million (ons, cun be utilized (0 produce o wide
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variety of products, including charcoul, oil, and alcohol, Cousidering only the yvield
of othanol, theoretically abaut ¥ hillion ¢ of ethanol could be produced yearly from
the babassu crop in Brazil. This is almost twice the expected production of ethanol in
thut country, which is estimuted at 4.3 billion f by 1980.3

Carioca and Scares.”” experimenting with babassu flour (containing approximaialy
60% pure starch) as a biomass resource, carned out an alcoholic Termentanon, The
starch materiaf was gelatinized at 30 1o 85°C with subsequenr addition of a heat stable
a-amylase., Complete saccharification was enhanced by giuccamylase treatment for 40
hr at room temperature. After this hvdrolysis procedure, the sugar content measured
9.1%, then pressed yeast and veast extract nutrients were added. Fermentation was
conductaed at 28 to 30°C for 42 hr, with subsequent distillation of the mash and redis-
tillation of the initial ethanol product. The vield was 90 m{ of 92% purity substance
from 250 g crude babassu Hour in | distilted H,0. Based upon yields from 60%
starch babassu flour {1 kg), the theoretical yield if all starch were fermented 1o alcohol,
would be 568 g ethanol, a relative yield of 76% in their fermentation process.

The cassava piang has commanded considerable attention recently in Brozid as o
starch resource for fermentation.* Cassava, also known as manioce or tapioca, is char-
acteristically cultivated in many tropical regions of the worid for the production of
{ood or animal feed. Cassava, containing 20 10 35% starch and 1 to 2% prorein in its
roots, is one of the most efficient photosynibhesizing plants known. The average crop
production in Brazil is 13 tons of roots per hectare. This crop provides a most inexpen-
sive source of starch that is not fuily exploited technically for the production of starch
products, possibly due 10 a fack of mechanization in its cultivation and perishability
of its roots. The Brazilian Alcohol Program, established in 1973, seeks 1o utilize 20%
ethyl alcoho!l in gasoline by 1980. To autain this objective, 4.3 billion ¢ of absolute
alcohol need 1o be produced anauaily by thad time. Lindeman and Rocchiceioli*® have
discussed in detail the massive pians ol the Brazilian government 1o produce ethanol
from sugar cane into 1981, Producrivity factors are cvaluated with reference to re-
sources, production, and comsumption, In Y78, a new cassava aleohol plant began
operations’in Brazii with a daily output of 60,000 £ of absoluie aicohol. The feasibility
of alcohol production from starch materiais 10 compete with supir cone will depend
principally upan optimization of the Hguelaction und saccharification steps of manu-
facture. These steps are not a requirement for lermentation of cane juice.

Althouph cassava stareh is readily susceptible to e-amvlase, the starch granules are
weakly bound; thus, the root fiber creates a barrier 10 the starch hydrotysis if whole
cassava roots are used. Rupture of the lignovelluiosic components ensures reduction
in the slurry viscosity and less energy m cooking, facilitating starch hydrolysis. This
fiber removal ¢an be acvomplished through biological pretreatment with the celiuloly-
tic Thermoactinomyces viridae. Recent work by Menezes et al.® demonstrated that
fungal broths of a Basidiomycete and 7. viridae increased both the rate of sugar for-
mation and degree of solubilization, with subsequent decrease in slurry viscosity.

In discussion of ather potentially useful agriculiural wastes, the disposal of whey, a
by-product of cheese manufacture, has become a serious pollution problem in many
areas. In 1974, some 32.35 billion b of whey were produced, une halfl of which was
disposed ol as waste,”™ This biological residue represents some 1.6 million [b ol luctose,
which can be utilized as a fermentation resource.

O'Leary and co-workers'® ' have recently reporied alcoholic fermentations of a
lacrase—hydrolyzed acid whey permeate (4.0 to 4.5% lactose) conttining 10 1o 315%
total solids. Fermentations were conducted for 13 days with Saccharomyees corevisiae
and Kluyveromyces frugilis with maximal vields of 6.5 and 4.5% ethanol, respectively.
Although 5. cerevisiae converted the available glucose present in the laciase—
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hydrolyzed whey permeates to alcohol, the galactose generated was not utilized by the
organism. More efficient means ands/or organisms will be required (o utilize the gal-
actose and glucose 1o aleohol.

Roland and Alm?™ reported that hydrolyzed whey permeate svrups fortified with an
N source could be fermented to a 12.5% v/v alcohol beverage with a culture of 5.
cerevisiae var. ellipsoideus. Fermentations were conducted, with interval feedings of
hydrolyzed whey permeate syrups reaching maximum alcohol in é days. Galaciose uti-
lization by the yeasts was not measured; however, residual reducing sugars in the wines
varied from 0.2 1o 4.3%. In summation, a wide variability may exist between the fer-
mentation capacity of 5. cerevisiacstrains to utilize galactose.

The most thoroughly studied process for producing ethanol from biomass is enzy-
matic conversion of agricultural waste to soluble sugars and subsequent [ermentation
to ctharnol by yeast. Wilke et al.™ " and Cysewski and Wilke' have provided some
preliminary economic evaluations on various principal cost elements. The distribution
of costs associated with ethanol production (exclusive of raw material costs) from
newsprint and wheat straw by this process is discussed. The mujor costs of saccharifi-
cation dominate, because the fermentor capacity required (o produce sufficient quan-
tities of fungal cellulase is 30 to 40 times that required (o ferment the resulting sugars.

Su and Paulavicius®® have recently described volumertric production efficiencies for
alcohol production by fermentation from newsprint, wheat straw, and molasses, This
efficiency in grams per liter per hour is significantly lower than the conventional mo-
lasses fermentation by yeast and is reflected in the conversion cost cstimates.

Rrooks and co-workers, ' have recently conducted un cconomic viability study of o
process for direct ethanol production from pretreated hardwood chips. These estimates
are based upon similarities to the ethanol process from molasses.”” Cost estimates are
based upon a 25 million gal/year-95% cthanol plant from hardwood chips. The first
stage invoives a high temperature chemical pretrearment {oliowed by a second stage
direct fermentation to ethanol. The assumed yield of ethanal was based only on the
conversion of the cellulose fraction of the pretreated wood. The conversion of the
hemicellulose fraction (™“20% of raw material) to ethanol would enhance the overali
conversion yield. Utilization of a continucus fermentation process with cell recycle
wouid provide a means of reducing associated costs.

Any conceptual process for saccharification to produce reducing sugars will require
feeding of cellulose at high concentrations. Concentrated cellulose siurries are highly
viscous and are difficult 10 pump and stir in conventional agitated {ermentors. The
mcchanical propertics of cellufose have been exploited by Wang and co-workers® with
a packed-bed fermentor with celluiose as stationary phase. The batch packed-bed fer-
mentor consisted of Solka floc cellulose with Closiridium thermoceffum with liguid
recirculation for 48 hr at 60°C. Cellulose degradation was 67%, with 14 g/ 1 total cells
adsorbed onto the cellulose bed, compared to cefl concentrations of | to 2 g/ in typical
stirred tank fermentations, The packed-bed technique may well serve as an excellent
cell collector where cell recycle can be achieved and high substrate and praduct concen-
trations can be attained. Batch packed-bed fermentation by C. thermoceflum of Solka
floc yielded 8 g/f reducing sugar, 2.2 g/ ethanol, and 2.4 g/ { acetic acid.

Recent experiments by Kierstan and Bucke*® on immobilized cell technology for al-
cohol production have been reported with two yeasts. Immobilized treated whole cell
preparations have been used primarily in single-step reactions, in particular, in isomer-
ization of glucase. Ethanol production from glucose solutions by an immobilized prep-
aration of §. cerevisiac was demonstrated over a total of 23 days, with cell hal{-life of
approximately 10 days. The yeast cells were immobilized in calcium alginate geis.



a7

B. Acetone—Butanol—Isopropanol

Clostridium acetobutviicum historically has been the major organism used for the
production of acetone and butancl from starch materials. This fermentation became
known as the Welzmann process during World War L Because of the industriad ampor-
tance of these compounds. it has been studied in greater detail than other clostridial
fermentations. The first stage of the fermentation is essentiaily butyric and acetic acid
accumulation, yielding a pH drop 1o 4.5, with a second stage unidization of the acids
10 butanol and acetone with concomitant rise in pH. The butanol is formed by the
reduction of butyric acid or butyryl~CoA to the alcohol. Minor quantities of ethanol
are produced also in this fermentation.

Clostridium butylicum is an isopropanol type fermentation. The products of this
type of clostridial fermentation are similar to acetone—butanol fermentation, except
that the acetone is reduced to isopropanol. The extra reduction step normaily resuits
in a decrease in the amount of H, produced during the fermentation. Significant quan-
tities'? of acetone and butanol have been produced in the last 10 vears in countries
such as South Africa, where cheap fermentable biomass is available, but not in fossil
fuel dependent countries.

Renewed interest in these fermentations has developed in the area of celluiosic waste
conversion (o butanol and other oil sparing solvents and chemicals. Recent studies*
on biological production of organic soivents from cellulosics involve conversion of
anmimal feedlot residues to liguid fuels. The process plan involves an alkali pretreaiment
of cattle feedlot residues followed by addition of a high temperature fungus, Ther-
moactinomyces sp., for cellutase production. The third step involves cellulase hvdro-
lysis of the bulk residuc with subsequent fermentation of the sugar syrup by C. aceto-
butylicum. Preliminary cconomic evaluation indicates that, with present knowledge,
butanol can be produced for just over 30¢/1b, which is comparabie to ethylenc based
butanol.

Wang and co-workers''?* have recently described significant new rescarch data
based upon the C. aceroburviicum fermentation, Experiments with a corn meal me-
dium with various strains have been initiated and give every indicution that there are
strains capable of producing mixed solvents near theoretical maximum yields, i.e., [.05
and 2.26 g/1 for acetone and N-butanol, respectively,

C. 2,3-Butanediol (2,3-Butylene Glycol)

A number of facuitative anaerobes are characterized by their ability to produce 2.3-
butanediol (commonly called 2,3-butviene giveol). In general, 2,3-butanediol, pro-
duced by species of Klebsiefla, Bacillus, and Serratiais a major fermentation product;
however, in the presence of air, the oxidation product acetylmethyd carbinol is formed
instead. Butanedijol is important industrially as a potential raw material for synthetic
rubber and was heavily investigated during World War .

In the butanediol fermeniation, glucose is broken down to pyruvic acid, which is
further metabolized 1o butanediol. Although the major amounis of butanediol are
produced by bacteria, yeasts form minor amounts of butanediol.** Bacillus subtilis,
Acrobacter aerogenes, and Serraria marcescens produce significant guantities of buta-
nediol from acid hydrolyzed starch,* some 35 |b butanediol/ 100 Ib starch. Early in-
vestigations by Periman* invoived the production of 2,3-butanediol from acid hydroi-
yzates of hard and soft woods. Aerobacter aerogenes fermentations vielded from 24
to 30% butanediol depending upon the tvpe of wood utilized,

D. Propionic Acid
Propicnic acid is a major end-product of glucose fermentation in Propionibacterium
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specics, occurring also with acetic acid and CO,. The fermentanion involves the redug-
tion of two pyruvic acid molecules to propionic acid, with the oxidation of a third
molecule to acetic acid and CO,.

Recent research hay been conducted on the bivconversion of proponic acid to acrvlic
acid by Clostridium propionicum from renewable resources. ' ** Acrylic acid is a high-
volume industrial chemical in high demand (approximately | billion 1b/vear). Two
anaerobic organisms, Peptostreptococcus elsdenii and Clostridium propionicum, ac-
cumulate this acid as an intermediate. In C. propionicum, lactate is converted to ac-
rylate, then to propionate via activaled CoA thio esters. In resting cells of C. propion-
icum, propionate is oxidized to acrylate in the presence of an electron acceptor such
as O, or methylene bilue. Acrylate production is stimulated by sodium lactate, Concen-
trations of acrylic acid in excess of 4 mM have been achieved with resting cells.

E. Glycerol-Succinic Acid

Oura*? discusses in detail the formation of glycerol and succinate by. yeasts. The
formation of glycerol appears 1o be nonphysiological, and guitc uscless for the yeast
cell that obtains neither energy nor building units from i1.** During the fermentation
of glucose by yeast at pH 6 or below, only small amounts of glyeerol are formed.
Addition of sulfite to the medium increased glycerol production severalfold. This fer-
mentation is known as the Neuberg 2nd and 3rd forms, in which glvcerol accumulates
in the fermentation. Two oxidation steps are invoived in glyveerot formation from glu-
cose, and the redox balance will be achieved by the formation of two units of glycerol.
Apparently, there is a direct correlation between redox balance of the cell and the
formation of giveerol. When yeasts metabolize glucose under aerobice conditions, no
superfluous glycerol is formed. Under these circumstances, the respiratory chain is
functioning and transfers electrons to O; with no excess of NADH,.

Two mechanisms have been proposed for the formation of succinate in veast during
anaercbic fermentations. One is formation via the normal oxidative mechanism of the
TCA cycle, and the other is via a reductive pathway with malate and fumarate as
intermediates.*’ "

The formation of succinate is considerably lower during anaerobic growth than dur-
ing fermentation, and the physiological state of the cell is different in these two cases.
The level of energy-rich nucleotides during growth is iow, whereas the energy charge
increases strongly during yeast fermentation. The activity of many anabelic ATP de-
pendent enzymes is modified by the energy charge of the cell, such as pyruvate carbox-
ylase.*” When energy charge is high {(during fermentation), pyruvate is matabolized to
oxalacetate via an activated pyruvate carboxylase, and the TCA cycle will funciion
actively. The cycle intermediates accumulate as succinate and are excreted into the
medium.

Therefore, since fermentation leads to an elevated encrgy charge in the cell (pyru-
vate-carboxylase activation), formation of succinate occurs and an excess of reduced
respiratory nucleotides. This excessive NADH,; is oxidized in the formation of glycerol,
vielding a balance in the redox state of the cell.

F. Acetic Acid

Although numerous organisins are capable of a nonphosphorylative glucose oxida-
tion to acetic acids, recent findings with some anaerobic organisms have stimulated
inzerest in acetic acid production. The anaerobic cellulolytic rumen bacterium Rumi-
nacoccus flavefaciens normally produces succinic acid as a2 major fermentation prod-
uct with acetic and formic acids, H, and CO,. When grown on cellulose and in the
presence of the methanogenic rumen bacterium Methanobacterfum ruminantium, ace-
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e was the major fermentation product. This tvpe of interaction may be of sienifi-
cance in detwermining the flow of celluluse carbon 10 the normaj rumen fermontation
products.

Badeh er ab.* recently deseribed a now genus of Tastidiously anuerobic bacteria that
produce a homoacetic acid fermentution. The tyvpe species, Acerobacterium woodil,
ferments fructose, glucose, lactate, glycerate, and formate. Hydrogen is oxtdized and
CO, is reduced 10 acetic acid. Schoberth® has demonstrated the Tormation of aceiate
by cell extracts of Acetobacterium woodii.

Wang and co-workers™ have recently reported studies on ethanol and acetic acid
production by the cellulolytic anaerobe, Closrridium thermocelium, on cellulosic bio-
mass. Experiments were conducted in celluiose packed-bed fermentors. Cellulose deg-
radation was 67% , with a yield of 2.4 g/ 1 acetic acid from 110 g/¢ cellulose,

Brooks and co-workers?? have described o mixed culture fermentation of cellulose
(microerystalline) at 55°C that yvielded acetic acid as the major orgamie chemical pro-
duced, plus ethanol, 2,3-butanediol, and CO,. This group has aiso studied a conrinu-
ous fermentation of a thermophilic Bacilfus that produced ethanol und acetic acid at
various dilution rates, '

G. Fumaric Acid

Fumaric acid is produced principuaily by the fermentiion of plucose or molkisses
with species of the genus Rhizopus. Rhodes ¢t al.Y reported fumaric acid viclds of 60
to 70% in 3 to 8 days in shaken flasks containing 10 1o 16% glucose or sucrose, or
the partially inverted sucrose of molasses. Although fumaric can be produced in high
yields by fermentation, it is produced commercially as a by-product in the manufacture
of phthalic and malic anhydrides or by isomerization of malic acid with heat and ca-
talyst. A number of chemicals can be produced from fumaric acid, including malic
acid, coumaric acid, and maleic anhydride.

H. Citric Acid

The manutaciure of citric acid is conducted presently by fermentation of sugar-con-
taining material by microorganisins of the species Aspergitfus niger. Bodh surface and
submerged fermentation have been utilized lor production of 70 kg of citric acid/ 100
kg of sugar content of raw material {usually molasses).

Usami and Fukutomi®! recently reported on a gitric acid solid fermentation by 4.
miger, sugar cane molasses. and pincapple molasses. After 3 days, S0 10 60%e citric
acid yield per equivalent sugar was available.

Hang ct al.™ reported upon the production of citrie acid by A, foendus from spent
grain liguor, a brewery waste. The vields ol citric acid varied from 3.5 10 12.3 g1 of
the waste fermented. Methanol addition (2 w 4%) markedly increased the formation
ol citric acid from wastes,

The citric acid-producing fungi can thus be utilized not only for organic chemical
production but also for converting the BOD of brewery wastes into fungal protein,

I. Lactic Acid

Wastes from the pulp, paper, and fiberboard indusiries contain considerable supar
polymers, and thus present a high BOD o receiving waters. Griffith and Compure®
describe a fixed-film system lor continuous luctic acid production from waste waters.
Lactic acid yield is in excess of 30%, the carbohvdrate is available and readilv re-
covered. The fixed-film unit (2 in. x 6 {1) was sceded with factobacilli and lacrose
fermenting veasts {kefir culture). The wood moiasses substrate was pretreated with
cellulases, o diastase, and hemicellulases. With a feed rate of 60 g/ ! wood moliasses,
311032 g/! lactic acid vields were obtained.
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The production of calcium lactate from molasses by Lacrobacillus delbrueckii was
studied by Tewari and Vyas® using different growth factors from moang sprouts and

various oil sced cakes. Maximum conversion of molasses plus 5% moong sprouts was
achieved within 7 days at 50°C.

J. Malic Acid

Pichia membranaefaciens is capable of converring fumaric acid (o L-malic acid. In
a recent report, Takao and HoHMa®*" describe malic acid viclds as lgh as 80% or more,
based on initial glucose when Rhizopus arrhizus {fumaric acid production) was grown
2 to 3 days and then associated with Proreus vulgaris. Malic acid formation also oc-
curred when R. arrhizus was grown in mixed culture.

K. Methanol

Methanol occurs in nature as a breakdown product during microbial decomposition
of plant materials and as a metabolite of methane-utilizing bacteria during growth
upon methane or natural gas. Foo*® recently reviewed some of the basic considerations
in search of microorganisms with potential for microbial production of methanol. No
attempt will be made 10 discuss the voluminous literature relative 1o the microbial
production of methanol.

Since petroleum feedstocks are no longer cheap (as in the early 1950s), production
of liquid fuels via fermeniation has gained wide attention, especially alcohol fuels. In
recent years, methanal has become a potentially important carbon source for the pro-
duction of SCP, enzymes, and amino acids.*® Methanol is also a potential fuel for
internal combustion engines, since it possasses cleaner burning properties and produces
less pollution than hydrocarbon fuels. A large volume of methanol is used as a solvent
and as an intermediate in chemical manufacture.

Methanol can be produced by the destructive distillation of wood; however, most
methanol is derived from carbon monoxide with iydrogen reaction.* In nature, meth-
anol arises from the breakdown of methy!l esters and/or ethers from decomposition
of pectin-like plant materials. Very little is known about the microorganisms that pro-
duce methanol during decomposition of organic malterial; however, numerous reviews
are available.***?

Methanol inhibition, and the energy and reducing power requirements of methane
oxidation present major problems to the excretion of excess methanol by microorga-
nisms. Only small amounts of methanol are excreted by the cell biomass yields of
methanol-utilizers in mixed culture studies.*"** Greater tolerance is needed to improve
yields of methano! and further productivity under possibiy efevated pressure. Grealer
numbers of methane-utilizers will have to be isolated and iested in order to find those
more suited to methanol excretion.
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